We determined for the first time the crystal structure of diatom cytochrome c 6 from Phaeodactylum tricornutum at 1.5 Å resolution. The overall structure of the protein was classified as a class I c-type cytochrome. The physicochemical properties of the protein were examined by denaturation with guanidine hydrochloride and urea, and compared with those of other algal cytochrome c 6 .
It is thought that diatoms acquired their chloroplasts and photosynthetic proteins via secondary endosymbiosis involving a primitive red algal endosymbiont and a non-photosynthetic eukaryote host. 1, 2) The chlorophylls and photosynthetic electron carriers are different among cyanobacteria, diatoms, and green, red, and brown algae. In the case of green algae that contain chlorophyll b and cyanobacteria, a heme-Fe protein cytochrome (cyt) c 6 and a copper protein plastocyanin (PC) function as electron carriers between cyt f , which is part of the membrane-embedded cytochrome b 6 f complex, and the P700 reaction center of photosystem I. It is widely believed that PC is not present in chlorophyll-b-noncontaining algae such as red, and brown algae and diatoms, and that only cyt c 6 acts as an electron carrier in these organisms. But recent study has shown for the first time that a marine diatom, Thalassiosira oceanica, contains a PC. 3) To date, diatom PC has been confirmed only in marine diatom T. oceanica, and the closely related coastal species Thalassiosira weissflogii does not contain this copper protein.
Cyt c 6 is a high-potential, soluble, low-spin heme protein. Although the physicochemical properties and cDNA sequence of the protein from the diatom Phaeodactylum tricornutum have been examined, 4, 5) the tertiary structure of diatom cyt c 6 remains unresolved. In this study, we determined the crystal structure and physicochemical properties of diatom cyt c 6 , and compared them with those of other algal and cyanobacterial cyts c 6 . (Ptc6) was carried out by previous methods.
5) The mature Ptc6 sequence was amplified using a forward primer (5 0 -AGCCATGGGGGACGTCGGTGCTGGTG-AGC-3 0 ), corresponding to the codons for the amino acid residues of the cyt c 6 N-terminal region, and a reverse primer (5 0 -GCGGATCCTTACTCCCATCCGG-CTTCAGCG-3 0 ), corresponding to the codons for the amino acid residues of the C-terminal region. Vector construction, overproduction in Escherichia coli, and purification of recombinant Ptc6 were performed as described methods.
6) The degree of purity was confirmed by tricine sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
The UV/visible spectra and redox titration of the purified recombinant Ptc6 were measured according to previous methods.
7 ) The UV/vis absorption spectra of reduced and oxidized Ptc6 are shown in Fig. 1A . In the reduced form, the -, -, (soret)-, and -absorption maxima peaks appeared at 553.0 nm, 523.0 nm, 417.0 nm, and 316.0 nm, respectively. For the oxidized form of recombinant Ptc6, the absorption maxima peaks of þ , (soret), and were 528.5 nm, 411.5 nm, and 360.0 nm respectively, and a shoulder peak at 695.0 nm, indicating a His-Fe-Met coordination, was observed (Fig. 1A, inset) . The UV/vis absorption spectra of recombinant Ptc6 were similar to the previous results. 4) The redox data were analyzed with a theoretical curve based on the Nernst equation (n ¼ 1): E ¼ E 0 þ ðRT= nFÞ lnð½cyt oxi =½cyt red Þ. In good agreement with a previously published report, 4) the redox potential of this protein was +349 mV (Fig. 1B) .
Denaturation of oxidized Ptc6 and oxidized Porphyra yezoensis cyt c 6 with guanidine hydrochloride (Gdny To whom correspondence should be addressed. Tel/Fax: +81-466-84-3950; E-mail: oku@brs.nihon-u.ac.jp Biosci. Biotechnol. Biochem., 73 (1), [189] [190] [191] 2009 Note HCl) and urea as denaturants was measured following previous reports. 7, 8) Purification of the red alga P. yezoensis cyt c 6 was performed as previously described.
7)
The denaturation data were analyzed with a theoretical curve based on (Fig. 1C) . The values for Ptc6 were higher than those for the red alga P. yezoensis cyt c 6 (C m ¼ 0:95 M, ÁG 0 unf ¼ 2:43 kcal/mol, m ¼ 2:56 kcal/mol/M). 7) In the case of urea, the values for oxidized Ptc6 were 2.39 M, 3.73 kcal/mol, and 1.56 kcal/mol/M respectively. The values for Ptc6 were also higher than those for the red alga P. yezoensis cyt (Fig. 1D) . These results indicate that the structural stability of Ptc6 is higher than that of red algal cyt c 6 . The soret peaks for Ptc6 were blue-shifted by urea (from 411.5 nm to 404.5 nm) and Gdn-HCl (from 411.5 nm to 406.5 nm) denaturation. These blue-shifts of the soret peak are indicative of conversion of the heme toward a high-spin form with disruption of heme six coordinated.
9) The soret peaks of the unfolded state of Ptc6 were red-shifted by dialysis against 10 mM sodium phosphate buffer (pH 7.0), and the soret peaks of refolded state of Ptc6 agreed with those of native Ptc6. Thus these results suggest that urea and Gdn-HCl denaturation of Ptc6 are reversible. For crystallization of Ptc6, the purified recombinant protein was dissolved in super-pure water to prepare a concentrated protein solution of 50 mg ml À1 . Ptc6 was crystallized by vapor diffusion; the hanging drops used contained a 1:1 mixture of protein and reservoir solution. Cyt c 6 was allowed to crystallize over a reservoir containing 0.1 M Tris-HCl pH 8.5, 0.2 M MgSO 4 , and 35% Polyethylene Glycol 4000. X-ray diffraction data were collected on the BL-5A (Photon Factory, Tsukuba, Japan). The data set was processed with HKL2000 and scaled with SCALE-PACK.
10) The structure of Ptc6 was determined by molecular replacement using the program MOLREP 11) and the structure of P. yezoensis cyt c 6 .
12)
The structure of Ptc6 was refined with Refmac in the CCP4 program suite. Water molecules were added using a water pick script of CNS, and refinement was continued using REFMAC5.
11) The final model obtained had an R-factor of 16.4% and a free R-factor of 20.2%. Manual model building was carried out using Coot. 13) Solvent molecules were placed at positions where spherical electron density peaks were found above 1:5 in the j2F o À F c j map and above 3:0 in the jF o À F c j map, and where stereochemically reasonable hydrogen bonds were allowed. A summary of data collection and refinement statistics is given in Table 1 . The refined crystallographic coordinates and structure factor amplitudes have been deposited in the Protein Data Bank (PDB entry 3dmi).
The first crystal structure of diatom cyt c 6 was determined at 1.5 Å resolution. The crystal belonged to space group I 23 , with unit cell parameters a ¼ b ¼ c ¼ 80:38 Å and one molecule per asymmetric unit. The overall structure of Ptc6 followed the topology of class I c-type cyts (Fig. 2B ). An amino acid sequence comparison of diatom Ptc6 with Chlamydomonas reinhardtii, A, UV/visible spectra of reduced (solid line) and oxidized (broken line) forms of Ptc6. Absorption spectra of 10 mM Ptc6 were measured in 10 mM sodium phosphate (pH 7.0) at 25 C. The inset shows the 700 nm band of the oxidant form at 80 mM. Sodium dithionite and potassium ferricyanide were used as oxidant and reductant respectively. B, Redox titration of Ptc6. The redox state of the protein was determined by changing the -band absorption spectrum using a Hitachi U-3310 spectrophotometer. The smooth curve was drawn by the Nernst equation giving the best fit to the data using a Sigma Plot program. C, Gdn-HCl denaturation curves of oxidized Ptc6. Ptc6 was denatured by titration with Gdn-HCl in 10 mM sodium phosphate (pH 7.0) at a protein concentration of 5 mM. D, Urea denaturation curves of oxidized Ptc6 and red algal cyts c 6 . Ptc6 and red algal cyts c 6 were denatured by titration with urea in 10 mM sodium phosphate (pH 7.0) at a protein concentration of 5 mM. Ptc6 (circles); red algal cyt c 6 (closed circles). 12.5% Residues of disallowed region (%) 1.5%
, where I i is the intensity of an observation and (I) is the mean value for its unique reflection; summations are overall reflections. R factor ¼ P h jF o ðhÞ À F c ðhÞj= P hF o ðhÞ, where F o and F c are the observed and calculated structure-factor amplitudes respectively. The free R factor was calculated with 5% of the data excluded from the refinement. Values in parentheses are for the outer shell, with a resolution within 50.0-1.50 Å .
Monoraphidium braunii, Cladophora glomerate, Scenedesmus obliquus, P. yezoensis, Hizikia fusiformis, Arthrospira maxima, and Phormidium laminosum revealed identities of 56.7%, 47.19%, 41.76%, 50.6%, 55.7%, 56.7%, 55.6%, and 55.1% respectively (Fig. 2A) . The C trace alignment of cyt c 6 from Ptc6, green alga C. reinharditii, 14) red alga P. yezoensis, 12) and cyanobacteria A. maxima 15) is shown in Fig. 2C . The overall structure of Ptc6 was similar to the structures of algal and cyanobacterial cyt c 6 from red alga P. yezoensis, 12) green alga C. reinharditii, 14) and cyanobacteria A. maxima, 15) with main-chain root mean square deviations of 0.8, 0.6, and 0.6 Å respectively using the DALI program.
A surface exposed salt bridge was formed among Arg44, Asp37, and Glu84 (Arg44NH1-Asp37O 1 , 2.98 Å , Arg44NH2-Glu84O "2 , 2.89 Å ) (Fig. 2D ). Arg44 was conserved only in the diatom cyt c 6 ( Fig. 2A) , and this salt bridge has not been found in other cyts c 6 in the same region. Considering that a salt bridge of high binding energy contributes to the structural stability of a protein, 16) this salt-bridge of Ptc6 might contribute to the rigid packing of the interaction between helices II and IV and might increase the structural stability of the protein. Gdn-HCl cannot distinguish the contributions of electrostatic interaction such as a salt bridge, but the effects of a salt bridge are effectively monitored in urea, because the urea molecular is uncharged. 17) Urea denaturation experiments indicated that oxidized Ptc6 was more stable than red alga P. yezoensis cyt c 6 . Hence, this salt bridge of Ptc6 may be one of the factors bringing it about that structural stability of Ptc6 is higher than that of red algal cyt c 6 . This prediction is worthy of further study.
In this study, we determined the first crystal structure of diatom cyt c 6 at 1.5 Å resolution. The UV/vis spectra and redox potential of the protein were similar to those of other algal cyts c 6 . The structural stability of Ptc6 was higher than that of red algal cyt c 6 . Based on the results for crystal structure and for denaturation with urea of Ptc6, we estimated that this structural stability was to be attributed to a salt bridge, which was not found in other cyts c 6 , among Arg44, Asp37, and Glu84 around helices II and IV. A, The conserved and semi conserved amino-acid residues among the seven algal species and two cyanobacterial species are indicated by black and gray boxes respectively. The heme ligands, the residues forming the acidic patch, and the residues forming a salt-bridge are shown in yellow, red, and green respectively. The secondary structures of cyt c 6 of Ptc6 are indicated as follows: orange cylinders, -helices; blue arrows, -sheet. B, Overall structure of diatom Ptc6. The -helix (marine) and -sheet (green) are indicated using a cartoon model. The amino acid residues, heme group, and sulfate ions are represented by a stick model with atom-specific colors: white, carbon; blue, nitrogen; red, oxygen; yellow, sulfur; iron, orange. C, Superimposion of C traces of cyts c 6 of diatom P. tricornutum (purple; PDB code 3dmi), red alga P. yezoensis (red; PDB code 1gdv), green alga C. reinharditii (green; PDB code 1cyj), and cyanobacteria A. maxima (marine; PDB code 1f1f). D, Salt-bridge of diatom Ptc6. Salt bridge is depicted by a broken line.
